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Abstract 



We use two-body potentials derived from a constituent quark cluster model 
to analyze the bound-state problem of the Y<NN system. The observables of 
the two-body subsystems, NN and SJV, are well reproduced. We do not find 
Y<NN bound states, but there are two attractive channels with a resonance 
close above the three-body threshold. These channels are the (J, J) = (1, 1/2) 
and (0, 1/2), their quantum numbers, widths and energy ordering consistent 
with the recently measured strange tribaryons from the 4 He(iQ opped , N) re- 
actions in the KEK PS E471 experiment. 
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I. INTRODUCTION 



Recently an exotic tribaryon resonance S°(3115) has been measured using the stopped 
K~ absorption experiment, 4 He(i^ opped ,p), at KEK-PS [1]. The proton energy distribution 
shows a monoenergetic peak, with a significance of 13<r, interpreted as the formation of a 
new kind of neutral tribaryon with isospin 1=1 and strangeness S — — 1. The extracted 
mass and width of the state are 3117.0^4 MeV and < 21 MeV, respectively, and its main 
decay mode is found to be EiVTV. The recent detailed analysis of the neutron spectrum 
in 4 He(if s ^ oppcd , n) [2] has made manifest a second monoenergetic peak assigned to the for- 
mation of another strange tribaryon S' + (3140) with a significance of 3.7a. The mass and 
width of this state are deduced to be 3140.5io;g(syst) ± 2.3(stat) MeV and < 21.6 MeV, 
respectively, its main decay mode being H^NN. The isospin of the state is assigned to be 
zero. The experimental determination of spin-parity of these strange tribaryons is awaited. 

These experimental studies were motivated by the theoretical prediction of two deeply 
bound states in the K~ 3 He system [3]. However neither their predicted binding energies nor 
their isospin level ordering correspond to the measured tribaryons. Actually a / = state 
was predicted as the deepest one with a mass of about 3195 MeV (the 1 = 1 state being 
87 MeV above). These difficulties may be resolved by taking care of relativistic effects and 
by invoking an enhanced KN interaction and a strong spin-orbit interaction in the dense 
nuclear medium [4]. A similar isospin reversing problem is found with the results of the 
SU(3) multiskirmion description of multibaryon systems [5]. This model predicts the B = 3 
and S — — 1 lighter resonance to be a (/, J n ) = (0, l/2 + ) with an / = 1 excited state 40 MeV 
higher, both belonging to the 35*— plet of flavor. Very recently, a nona-quark interpretation 
of the strange tribaryons has been suggested, identifying the 5 , °(3115) as a member of flavor 
27-plet with (I, J) = (1, 1/2) or (1, 3/2) and the £+(3140) as a member of flavor 10* -plet 
with (I, J) = (0, 3/2) or of flavor 35*-plet with (I, J) = (0, 1/2) [6]. 

In this work we study the possible existence of EiViV positive parity bound states using 
two-body potentials derived from a constituent quark cluster model. For this purpose we 
follow the same procedure that we used in the past to study three-body systems made 
of N's and A's. The three-body calculations are performed using a truncated T— matrix 
approximation where the inputs of the three-body equations are the two-body t— matrices 
truncated such that the orbital angular momentum in the initial and final states is equal to 
zero. These two-body t— matrices, however, have been constructed taking into account the 
coupling to the £ = 2 states due to the tensor force. This approximation in the case of the 
three-nucleon system, with the NN interaction taken as the Reid soft-core potential, leads 
to a triton binding energy which differs less than 1 MeV from the exact value [7,8]. In a 
first approach, like in our previous studies of the bound-state problem of the ANN, AAN, 
and AAA systems [9-11], we deal with real integral equations since we do not consider 
the imaginary terms arising from the coupling of baryon-baryon subsystems to lower mass 
channels, i.e., from the coupling of the EiV subsystem to the AN channel. Then, in a second 
more complete study we consider the full T.NN — ANN system to check the effect of the 
coupling to A channels at the three-body level. 

We use as basic framework for the baryon-baryon interactions the local potentials ob- 
tained from the constituent quark cluster model since this provides a consistent and universal 
treatment for all of them [12]. The paper is organized as follows. In Sec. II we provide a 
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brief description of the constituent quark model and the formalism to study the two and 
three-body systems. In Sec. Ill we present and discuss our results. Finally we summarize 
our main conclusions in Sec. IV. 



II. FORMALISM 



A. The two-body interactions 



The baryon-baryon interactions involved in the study of the TiNN system are obtained 
from the constituent quark cluster model [12,13]. In this model baryons are described 
as clusters of three interacting massive (constituent) quarks, the mass coming from the 
spontaneous breaking of chiral symmetry. The ingredients of the quark-quark interaction 
are confinement (CON), one-gluon (OGE), one-pion (jr), one-sigma (a), one-kaon (K) and 
one-eta (77) exchange terms. Explicitly, the quark-quark interaction reads: 

Vqqifij) = VcONifij) + VoGEifij) + V„(fij) + Vvifij) + V K (fij) + V^fij) , (1) 

where the i and j indices are associated with % and j quarks respectively, stands for the 
interquark distance and 

V C ON(fij) = -a c \ c i ■ \ c j m , (2) 
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being 



Y(x) = ^ ; H(x) = + i + (7) 

a c is the confinement strength, the A c 's (A a 's) are the SU(3) color (flavor) matrices, a s is 
an effective strong coupling constant, mi is the mass of the quark i. &i stands for the Pauli 
spin operator, g c h is the chiral coupling constant and Aj are cut-off parameters. m n , m a , 
ttik and m v are the masses of the exchanged bosons. The angle dp appears as a consequence 
of considering the physical r] instead the octet one. Finally, S^- is the usual quark-tensor 
operator S^- = 3(<7j • rij){&j • r^) — <?j • <jj. The parameters of the model are those of Ref. 
[13]- 

In order to derive the local NB\ — > NB 2 interactions (Bt = N, A, E, A) from the basic 
qq interaction defined above we use a Born-Oppenheimer approximation. Explicitly, the 
potential is calculated as follows, 

V NBl (LST)^NB 2 (L'S'T)(R) = £l ST T (R) ~ £l ST (°°) ' ( 8 ) 

where 



4L5T [R) = i , = = ; I , = = ■ l y J 



In the last expression the quark coordinates are integrated out keeping R fixed, the resulting 
interaction being a function of the N — Bi distance. The wave function ^nbJ(R) f° r ^ ne 
two-baryon system is discussed in detail in Ref. [12]. 



B. The NN and SiV subsystems 

If we consider the system of two baryons N and B (B — N, E, A) in a relative S— state 
interacting through a potential V that contains a tensor force, then there is a coupling to 
the NB D— wave so that the Lippmann-Schwinger equation of the system is of the form 

tf' s "{py-,E) = v^"*"(p, P ") r P ' 2 dp'v^'(p, P r) 

i's' 

where t is the two-body amplitude, j, i, and E are the angular momentum, isospin and 
energy of the system, and is, i's', i"s" are the initial, intermediate, and final orbital angular 
momentum and spin, p and /i are, respectively, the relative momentum and reduced mass of 
the two-body system. More precisely, Eq. (10) is only valid for the EA r system with isospin 
3/2 and the AW system with isospin 0. For these cases, the coupled channels of orbital 
angular momentum and spin that contribute are given in the first rows of Tables I and II, 
respectively. 
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In the case of the EiV system with isospin % = 1/2, the EiV states are coupled to AiV 
states. Thus, if we denote the EiV system as channel £ and the AiV system as channel A, 
instead of Eq. (10) the Lippmann-Schwinger equation for EiV scattering with isospin 1/2 
becomes 

t;t s " (p«> w,e) = (p a , Pp ) + e e r P *d P y a ;:^< ( Pa , Pl ) 

7=S,A^ 7 =0,2 J0 

xG^p^f^ip^p^E); a,0 = E,A (11) 

where t^n-ji is the iVE — > iVE scattering amplitude, t\\ ; ji is the iVA — > NA scattering 
amplitude, and tsA ; j« is the iVE — > iVA scattering amplitude. The propagators Gy,(E;ps) 
and G\(E;p/C) in Eq. (11) are given by 

Gz(E;pb) = 2 ^ N 2 \ , , (12) 

G A (E; PA )= 2 ^ A (13) 

with 

£ = (14) 
where the on-shell momenta k% and &a are related by 



m 2 N + fc| + ym| + fc| = ym^ + fc A + \Jm\ + fc A . (15) 

We give in Table I the channels (€e,se) and (£a, sa) corresponding to the EiV and AiV 
systems that are coupled together for the isospin 1/2 EiV channels. 

In the case of the NN system with isospin 1 we will take into account in an analogous 
manner the coupling between the NN and AiV systems. If we denote the NN system as 
channel N and the AiV system as channel A, then we shall write, 

t;t Sfi (Pa, w e) = v$g>" (p a , Pp ) + E E r v ^ b°> ^ 

7=JV,A< 7 s 7 J ° 

xG^p^f^ip^p^E); a,[3 = N,A (16) 

where twN-ji is the NN — > NN scattering amplitude, tAA-ji is the iVA — > iVA scattering 
amplitude, and twA-ji is the NN — > iVA scattering amplitude. The propagators Gn(E;pn) 
and Ga(E;pa) in Eq. (16) are given by 

gWS;p*) = p 2/i 7 (17) 

G ^> = rari? (18) 

with 
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E — k 2 N /2iiNNi 



(19) 



where the on-shell momenta k^ and k& are related by 

2y/m 2 N + k 2 N = ^m 2 N + k 2 A + y/m 2 A + k\. (20) 

We give in Table II the channels (£n,sn) and (£a,sa) corresponding to the iVTV and AN 
systems that are coupled together for the isospin 1 1 S'o iViV channel. 

As mentioned before, for the solution of the three-body system we will use only the 
component of the t— matrix obtained from the solution of Eq. (10) with £ = I" = 0, and of 
Eqs. (11) and (16) with £ a = £p = 0. For that purpose we define the S— wave truncated 
amplitude which in the case of the EiV system with isospin 3/2 and the NN system with 
isospin is defined from the solution of Eq. (10) by 

t k , si {p,p"; E) = t°f s '\p,p"; E) , k — NN, EE ; (21) 

and for the EiV-AiV system with isospin 1/2 and the NN system with isospin 1 is defined, 
respectively, from the solution of Eqs. (11) and (16) by 

t k ., si {p,p";E)=t^{p,p";E) , k = a(3 = NN, EE, EA, AS, AA. (22) 



C. The T.NN system 

The numerical solution of the bound-state problem in the case of the EiViV system will 
be obtained using the same formalism used in Ref. [10] for the case of the AAN system 
since in both cases one is dealing with a system with two identical particles and a third one 
which is different. The effects of the A A" and A A" channels are included in the calculation of 
the NT, and AW t— matrices, respectively, as indicated in Eqs. (11) and (16). Since we are 
going to apply this formalism to the EA r A r bound-state problem the two-body propagators 
Cs, Gn, and Ga given by Eqs. (12), (17), and (18) never blow up. Only the propagator 
Ga given by Eq. (13) blows up since the AA^ channel is open, so that 

G k (E;p k ) = -J^V - m2» NA 8(kl-p 2 A ). (23) 
ft A Pa 

However, from Ref. [14] we expect the imaginary part of the propagator G k contributing 
mainly to the width of the Y,NN states while having very little effect on their masses. 
Therefore, in order to calculate the masses of the states we will neglect the imaginary part 
of this propagator so that our calculations will be done taking only the real part, i.e., 

G A (E;PA) S J^. (24) 
k a ~ Pa 

However, when calculating their widths the full propagator, Eq. (23), will be used. 

If we restrict ourselves to the configurations where all three particles are in S— wave 
states, the Faddeev equations for the bound-state problem in the case of three baryons with 
total spin S and total isospin / are 
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• 1 f°° /"l 

where ti ;Sl j 1 stands for the two-body NN amplitude, and t^s^ an d ^3;s3i3 f° r the am ~ 
plitudes. pi is the momentum of the pair jk (with r/'/c an even permutation of 123) and qi 
the momentum of particle % with respect to the pair jk. jii and z/j are the corresponding 
reduced masses 

* = x , 26 
mj + m k 

v = mijmj+mk) 

rrii + rrij + m k 

The momenta p' i and pj in Eq. (25) are given by 

V'- =q] + 4?' + 2—MjCOse, (28) 
2 

p) = q\ + %q] + 2-^-^cos0. (29) 
J mf J m k 

Kj^sf 3 are the spin-isospin coefficients 

l'U:si' : = (-) S ^- S ^(2s t + 1)(2 S , + 1) W{a 3 a k Sa t] s lSj ) 



x(-) lj+Tj ~y(2ii + l)(2ij + 1) WfaTklwiij), (30) 

where W is the Racah coefficient and <7j, Sj, and 5 (r,, ij, and J) are the spins (isospins) of 
particle i, of the pair jk, and of the three-body system. 

Since the variable Pi in Eq. (25) [also in Eqs. (10), (11), and (16)] runs from to 00 it 
is convenient to make the transformation 

Pi + b 

where the new variable Xi runs from —1 to 1 and b is a scale parameter. With this transfor- 
mation Eq. (25) takes the form 

Since in the amplitude U-s^Xi^x'^e) the variables X{ and x'j run from —1 to 1, one can 
expand this amplitude in terms of Legendre polynomials as 
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nr 

where the expansion coefficients are given by 

2n + 1 2r + 1 r 1 r 1 

^Zd e ) = — — 7_ 1 dx i y_ 1 ^ ^(a^w^i, a£ e)P r {x' i ). (34) 



Applying expansion (33) in Eq. (32) one gets 

V^U.q,) y.T-ru,,)l>,U,l (35) 

n 

where T^sTiO-i) satisfies the one-dimensional integral equation 

r;:-;>u,,) = E E r^^rH^m^H^ (36) 



with 



x t dcosO P ffi Pm ^ , (37) 
J-i E - pi/2u i - qj 2va 



The three amplitudes T^Y( qi ), T 2 m 5 s f 2 (g 2 ), and T™ s f(q 3 ) in Eq. (36) are coupled to- 
gether. The number of coupled equations can be reduced, however, since two of the particles 
are identical. The reduction procedure for the case where one has two identical fermions 
has been described before [15,16] and will not be repeated here. With the assumption that 
particle 1 is the E and particles 2 and 3 are the nucleons, only the amplitudes T^ 1 / 1 ^) and 
T^gf 2 (q 2 ) are independent from each other and they satisfy the coupled integral equations 

roo 

Wft) = 2E J dq,A^T 2 H^E)T-lf{q^ (38) 

POO 

T^f fe) = E G j dq 3 A™™™ 3 * 3 (fc, %; E)T™r ((b) 

POO 

+ E y d Ql A™$r h (92, ?i; i^S 1 (?i) , (39) 
with the identical-particle factor 

Q _ ^_^^1+<T1+<T3— S2+T1+T3— 12 (40) 

with <7i (ri)and <r 3 (r 3 ) standing for the spin (isospin) of the E and the iV respectively. 
Substitution of Eq. (38) into Eq. (39) yields an equation with only the amplitude T 2 

POO 

?aT(fc)=E J dq 3 K n s r> ms ^(q 2 ,q 3 ;E)T™r(Q3), (41) 

ms 3 i 3 
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where 



K™™ m '™(q 2 ,q 3 ;E)=GA 



23;S7 



(q 2 ,q 3 ;E) + 2 ]T j dq x 



rs\%\ 



X 



31;SJ 



(q 2:qi -E)A\ s $r 3i3 (quqs-,E). 



(42) 



In order to find the solutions of Eq. (42) we replace the integral by a sum applying a 
numerical integration quadrature [17]. In this way Eq. (42) becomes a set of homogeneous 
linear equations. This set of linear equations has solutions only if the determinant of the 
matrix of the coefficients (the Fredholm determinant) vanishes for certain energies. Thus, 
the procedure to find the bound states of the system consists simply in searching for the 
zeroes of the Fredholm determinant as a function of energy. We give in Table III the six 
Y.NN states characterized by total isospin and spin (7, J) that are possible as well as the 
two-body EiV and NN(Y>) (NN channels with E spectator) channels that contribute to 
each state. 

Our method of solution of the three-body problem is based in the separable expansion 
(33) of the two-body t— matrices. We tested in Ref. [10] (see Table IV of this reference) the 
convergence of this expansion by considering the three-nucleon bound-state problem with the 
Reid soft-core potential in the truncated T— matrix approximation (two-channel calculation) 
[8]. Convergence is reached with N = 10 (N is the number of Legendre polynomials in the 
separable expansion) although a very reasonable result is obtained already with N — 5. In 
the calculations of this paper we use N = 10. 



The numerical procedure to solve the bound state problem of the EiViV — ANN system 
is the same as the one described in the previous section but considering the full propagator 
G\(E;pa) in Eq. (23). Besides, when one includes in addition to the EiVTV states also the 
ANN states, Eq. (41) becomes a two-component equation, i.e., 



D. The T,NN - ANN system 




(43) 



and the kernel of Eq. (41) is now a 2 x 2 matrix defined by Eq. (42) with 




) 



(44) 




(45) 




(46) 



where 
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r Z 

x dcosfl P r (4)P m 0r 3 ) = ( } 

7-i E + AEd^-pl^-ql^ + ie' 



dcostf P r (x^)P m (xi) = 

£ + A£5 /3 A-Pi/2/ii-g?/2z/ 1 + 2e' ' M ' ' v ' 



x f 1 dcosO Pr(^)P m (x3) /3 = E,A, (49) 

with the isospin and mass of particle 1 (the hyperon) being determined by the subindex 
(5. The subindex aN{(5) in Eq. (48) indicates a transition aN — > (5N with a nucleon as 
spectator followed by a iViV — > NN transition with (3 as spectator and, 

2n + 1 2r + 1 f 1 f 1 

^liU;ap( e ) = — g — /_ 1 rf;r * /_ 1 rf;r i ^(^i;^;*/^, ^5 e)Pr(x-) . (50) 

We give in Table III the six EiViV — ANN states characterized by total isospin and spin 
(J, J) that are possible as well as the two-body EiV, AN, JVJV(E) (iViV channels with E 
spectator) and NN(A) (NN channels with A spectator) channels that contribute to each 
state. 

The energy shift AE, which is usually taken as M^ — M\, will be chosen instead such that 
at the Ed threshold the momentum of the Ad system has the correct value in consistency 
with the two-body prescription of Eqs. (15) and (20). Thus, writing 

E = ^' (51) 

£ + AP = -^-, (52) 

where and k\ are related by 



'm 2 d + kl + sjm\ + kl = \jm\ + k\ + + k\, (53) 

if one takes E = 0, Eqs. (51)-(53) lead to 

a 7-1 + m«i) 2 - (jtia + m d ) 2 }[(mx + m d ) 2 - (m A - m d f] 
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Since the ANN channels are in the continuum one has to deal with the three-body singular- 
ities arising from these channels. Thus, we used in Eqs. (41) and (42) the rotated-contour 
prescription 



since we found out numerically that the Fredholm determinant does not depend on the 
contour-rotation angle 0. 



We will start by presenting the predictions of our model for the NN and EA subsystems 
and afterwards we discuss the three-body system. 



As has been discussed in detail in Ref. [9] a precise description of the iViV low-energy 
observables is obtained. For the case of the 3 Si — 3 Di interaction the model gives the 
correct binding energy for the deuteron and a pretty nice description of the phase shifts (see 
Figs. 2 and 3 of Ref. [9]). For isospin 1 channels the coupling to the A A system leads to 
a satisfactory description of the A A 1 S'o phase shift. The slightly different tuning of the 
cut-off for the 1 S (A x = 4.38 fin" 1 ) and 3 S 1 (A x = 4.28 fm" 1 ) partial waves resembles 
the different value of the a— meson parameters used by the Bonn potential for the same 
channels, in order to achieve a precise description of the low-energy data for both partial 
waves [18]. 

We now turn to the available low-energy data on the EA scattering. There is only a small 
amount of relevant data corresponding to the total cross sections (and some differential cross 
sections) for E + p — > E + p, E~p — > E~p, E~p — > E°n, and E~p — > An reactions. It has been 
known for a long time [19] that the available data do not allow for a unique effective range 
analysis. This is due (apart from the large error bars) to the absence of truly low-energy 
cross sections. The lowest hyperon laboratory momentum is larger than 100 MeV/c, which 
means that the inverse of the scattering length, 1/a, and the range term, rk 2 /2, can be 
of the same order, leading to results for the scattering length and effective range that are 
not unique. This has been clearly illustrated in Ref. [20] using six models for the hyperon- 
nucleon interaction with different properties on a detailed level, but providing all of them 
with an equally good description of the scattering data. 

In the case of processes of the type EA — > EA the amplitudes obtained from Eqs. (10) 
and (11) are related to the effective-range parameters a and r as 



i = 1,2,3, 



(55) 



III. RESULTS 



A. The two-body subsystems 



00 _ 
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(56) 
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so that the cross section for a given isospin state is 
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_ 37T 7T 
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We have tuned the interaction to reproduce the different total scattering cross sections 
by using the set of parameters of Ref. [13] and adjusting the harmonic oscillator parameter 
of the baryon wave function. As expected from the calculation of the root mean square 
radius of strange baryons [21] a slightly larger value of b s is needed (b s = 0.7 fm). From the 
isospin cross sections (57) the physical channels are determined through, 

i=3/2 

= V 3/2 + ^ 1/2 , (58) 

2 -_q /O 2 



*=3/2 , *t=l/2 

9" 9 



In the case of the process SiV — > AN it is necessary to include also the transition with 
£ = 2 in the AiV channel since in that channel one is far above threshold. Thus, in that case 
the cross section for isospin % — 1/2 is 

^1/2 3 , /i ,00 |2 | o I ,00 1 2 i q I +02 |2\ /p- n \ 

a -77 ^ NYi ^ NK — y \ t SA;01/2 | +6 | t SA;11 /2 | I t EA;11/2 I J , (^t»yj 
and the cross section for the physical channel is 



Vz-p^An = ^ 1/2 - (60) 



Our results are plotted in Fig. 1, where a good agreement with the experimental data 
is observed. The low-energy parameters for the different channels are given in Table IV. 
These parameters are complex in the case of the isospin 1/2 channel due to the fact that 
the AiV channel is open. A similar agreement for the scattering cross sections has been 
obtained in Ref. [24] by means of a quark-model based interaction within a resonating group 
method calculation. Our results are also similar to those obtained by means of effective 
field theory in next-to-leading order [25] or those based on the new Nijmegen soft-core OBE 
hyperon-nucleon potential [20]. 



B. The three-body system 

As a test of the reliability of our model in the case of the three-baryon system we 
solved the NNN bound-state problem. We found a triton binding energy of 6.90 MeV. For 
comparison, we notice that the triton binding energy for the Reid-soft-core potential in the 
truncated T— matrix approximation is 6.58 MeV [10]. 

In Fig. 2 we have plotted the Fredholm determinant of the Y,NN system for the three 
isospin channels with J = 1/2 and J = 3/2 calculated as explained in Sec. II C. As can be 
seen there are no bound states. The J = 3/2 channels are either repulsive or they do not 
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show any structure, as it is the case of the 1 = 2 channel that remains always flat. For the 
J = 1/2 case the 1 = 2 channel is repulsive, while the 1=1 and 1 = are attractive, the 
1 = 1 being always more attractive than the 1 = 0. If the attraction of the model is increased 
both channels develop bound states (the energy ordering between them being preserved), 
while all the others remain repulsive, what points out to a resonance close above the three- 
body threshold. This is illustrated in Fig. 3 where we plotted the Fredholm determinant 
in a model with more attraction (b s = 0.6 fm), which therefore would not reproduce the 
XW scattering cross sections of Fig. 1. As can be seen the I = 2, J = 1/2 case remains 
equally repulsive while the 1=1 presents a bound state near threshold. For the 1 = state 
a resonance behavior close above the three-body threshold is deduced. This shows that the 
ordering of the 1 = and 1=1 states with J = 1/2 is preserved, the 1 = 1 channel being 
always the lowest state. The order of the two attractive channels can be easily understood 
looking at Tables III and IV. All the attractive two-body channels in the AW and EA" 
subsystems contribute to the (7, J) = (1, 1/2) SAW state (the EA channels 3 Si(J = 1/2) 
and 1 S (I = 3/2) and the 3 S 1 (I = 0) AW channel), while the (J, J) = (0, 1/2) state do not 
present contribution from two of them, the 1 Sq(I = 3/2) EA and specially the 3 Si(I = 0) 
AW deuteron channel. Actually, the AW deuteron-like contribution plays an essential role 
in the binding of the triton [12] and hypertriton [26]. In this last case the presence of the 
A has the effect of reducing the AW attraction with respect to the deuteron case but the 
A <-> E conversion compensates this reduction and binds the system. 

In Fig. 4 we have plotted the real part of the Fredholm determinant of the EAW — ANN 
system for the three isospin channels with J = 1/2 and J = 3/2 calculated as explained in 
Sec. II D. The imaginary parts are very small and uninteresting except for the calculation 
of the widths as we will see later. As can be seen the inclusion of the ANN channels does 
not modify the order of the states, giving values for the Fredholm determinant very close to 
the ones of the previous model (Fig. 2). This shows that the effect of the coupling to the A 
channels is very small at the three-body level once the coupling to the A is included at the 
two-body level. 

The pattern of our results coincides exactly with the observations in the 4 He(i\~ s ^ opped , N) 
reactions. In particular, we find only two attractive S— wave channels, with the isospin 
and energy ordering corresponding to the experimental S° (31 15) and S' + (3140) states. We 
predict for them J n = l/2 + . 

Let us remind that the understanding of these states as deeply bound kaonic nuclear 
systems [3] would assign the quantum numbers J n = 3/2 + , I = for the S^^llS) and 
J w = l/2~, / = 1 for the S' + (3140). If some relativistic effects and a medium-enhanced KN 
and spin-orbit interactions are taken into account, the ordering of the isospin channels is 
reversed to J 71 = 3/2 + ,I = 1 and J w = l/2 + ,I = 0. The 577(3) multiskirmion description 
[5] finds J n = l/2 + for both states, but the opposite ordering between the isospin states with 
respect to our results and experiment. The nona-quark study of Ref. [6] makes use of a Gell- 
Mann-Okubo like mass formula to study the spectrum of S — —1, —2, —3 nona-quark states. 
The color magnetic interaction between quarks, together with the antisymmetrization of the 
wave function, favors small multiplets in flavor and spin which gives a natural explanation 
for the 1 = 1 state being the lowest state among the S = —1 tribaryons with J = 1/2. This 
leads to the natural explanation that the 1 = 1 state could be a member of the 27— plet 
with J w = 1/2, and the 1 = state may be a member of the 10*— plet with J w = 3/2. 
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However other possible classifications that may give rise to J n = 3/2 for the S' (3115) and 
the S' + (3140) were also discussed. 

C. Calculation of the widths 

In Fig. 3 we have shown the Fredholm determinant in the case when there is a bound state 
in the (J, J) = (1, 1/2) channel. As discussed in subsection II C, the Fredholm determinant 
is real since we have dropped the imaginary part of the propagator G^(E;p^) in Eq. (23). 
Near the bound state the Fredholm determinant has the form D(E) = C(E — Eq) where 
C is a constant and Eq is the energy of the bound state. If we now repeat the calculation 
using the full propagator G\(E;p\) given by Eq. (23) the Fredholm determinant becomes 
complex. Near the bound state it has the form D{E) = C[(E — E ) +iT] so that 1/ | D(E) | 2 
has the resonant shape 



| D(E) | 2 | C | 2 [(E - E ) 2 + T 2 ] ' v ; 

which is also the shape exhibited by the cross section near a resonance (cr(E) oc 1/ | D{E) | 2 ). 
In Fig. 5 we show 1/ | D(E) | 2 , from which we extract T = 0.3 MeV for the model without 
ANN channels and T = 0.5 MeV for the model with ANN channels. This state lies 80 
MeV above the ANN threshold while the observed tribaryons lie at 120 MeV and 140 MeV, 
respectively, above the ANN threshold. 

Since the state of Fig. 3 has a width of less than 1 MeV one can reasonably expect that 
the observed states which lie 40 and 60 MeV above it will have somewhat larger widths but 
certainly in agreement with the experimental result T < 21 MeV. 

IV. CONCLUSIONS 

We have studied the bound-state solutions of the EiViV system by means of interactions 
derived from a constituent quark cluster model. The two-body interactions correctly repro- 
duce the low-energy observables of the NN and EA subsystems. We have not found any 
Y.NN bound state. However, our results show that there are only two attractive S— wave 
channels, they are the (I, J) = (1, 1/2) and (0, 1/2), with a resonance close above the three- 
body threshold. The channel with I = 1 is always more attractive than that with 1 = 0. 
The isospin quantum numbers and the energy ordering correspond exactly to the recently 
measured strange tribaryons from the 4 He(i<Q opped , N) reactions in the KEK PS E471 ex- 
periment. We predict quantum numbers J 71 " = l/2 + and small widths for the two reported 
strange tribaryon resonances. The awaited experimental determination of J 71 " can serve as a 
stringent test of our model dynamics against others. 
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TABLES 



TABLE I. T.N channels ss) and AA" channels (£\, sa) that contribute to a given EiV state 
with isospin i and total angular momentum j. 



_i j (fe,^s) (Ia,sa) 

3/2 (0,0) 

3/2 1 (0,1), (2,1) 

1/2 (0,0) (0,0) 

1/2 1 (0,1), (2,1) (0,1), (2,1) 



TABLE II. NN channels (£n,sn) and AN channels (£a, sa) that are coupled together in the 
3 S 1 - 3 £>i, and NN states. 

NN state i j {£n,sn) (£a,sa) 

3 <Si - 3 Di 1 (0,1), (2,1) 

% 1 (0,0) (2,2) 



TABLE III. Two-body SA" channels (is, s s), AA" channels («a,sa), NN channels with £ 
spectator (ijv(s) , s w (E) ) , and A^V channels with A spectator (ijv(A)> s iV(A)) that contribute to a 
given SAW — ANN state with total isospin / and spin J. 

^ J fa,gs) (iA,SA) fav(S),S/y(S)) (iN(A),SN(A)) 

1/2 (1/2,0), (1/2,1) (1/2,0),(1/2,1) " (1,0) ~ (0,1) 

1 1/2 (1/2,0), (3/2,0), (1/2,1), (3/2,1) (1/2,0), (1/2,1) (0,1), (1,0) (1,0) 

2 1/2 (3/2,0), (3/2,1) (1,0) 

3/2 (1/2,1) (1/2,1) (0,1) 

1 3/2 (1/2,1), (3/2,1) (1/2,1) (0,1) 

2 3/2 (3/2,1) 



TABLE IV. Low-energy scattering parameters (in fm) of the T,N 1 So and 3 Si channels for the 
states with total isospin i = 1/2 and i = 3/2. 









3 s 1 








r s 




n 


% = 1/2 


-1.24 + i0.08 


-0.80 - i0.33 


4.65 + i4.22 


3.13 -i0.43 


i = 3/2 


3.16 


4.78 


-0.72 


-0.63 
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FIGURES 



FIG. 1. Calculated T,N and T,N — > AN total cross sections compared with experimental data. 
Experimental data in (a) and (b) are from Ref. [22] and in (c) and (d) from Ref. [23]. 

FIG. 2. Fredholm determinant for (a) J = 1/2 and (b) J = 3/2 SAW channels for the model 
giving the T,N total cross sections of Fig. 1. The continuum starts at E = —2.225 MeV, the 
deuteron binding energy obtained within our model. 

FIG. 3. J = 1/2 T,NN Fredholm determinant for a model with increased attraction as explained 
in the text. 

FIG. 4. Real part of the Fredholm determinant for (a) J = 1/2 and (b) J = 3/2 T.NN — ANN 
channels for the model giving the Y^N total cross sections of Fig. 1. The Sd continuum starts at 
E = —2.225 MeV, the deuteron binding energy obtained within our model. 

FIG. 5. Inverse of the square of the Fredholm determinant, 1/ | D(E) | 2 , for the bound state 
case of Fig. 3, (I, J) = (1, 1/2), using the full propagator G\(E;p\) in Eq. (23) (dashed line) and 
considering also the ANN channels (solid line). 
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